Autophagy is a lysosomal degradation pathway that mediates protein and organelle turnover and maintains cellular homeostasis. Autophagosomes transport cargo to lysosomes and their formation is dependent on an appropriate lipid supply. Here, we show that the knockout of the RAB GTPase RAB18 interferes with lipid droplet (LD) metabolism, resulting in an impaired fatty acid mobilization. The reduced LD-derived lipid availability influences autophagy and provokes adaptive modifications of the autophagy network, which include increased ATG2B expression and ATG12-ATG5 conjugate formation as well as enhanced ATG2B and ATG9A phosphorylation. Phosphorylation of ATG9A directs this transmembrane protein to the site of autophagosome formation and this particular modification is sufficient to rescue autophagic activity under basal conditions in the absence of RAB18. However, it is incapable of enabling an increased autophagy under inductive conditions. Thus, we illustrate the role of RAB18 in connecting LDs and autophagy, further emphasize the importance of LD-derived lipids for the degradative pathway, and characterize an ATG9A phosphorylation-dependent autophagy rescue mechanism as an adaptive response that maintains autophagy under conditions of reduced LD-derived lipid availability.
A further lipid source for phagophore elongation that acts independently of ATG9A, but in close functional association with the ER, are lipid droplets (LDs) [14] [15] [16] . These cytoplasmic lipid stores are found in virtually all eukaryotic cells and are composed of an organic phase of neutral lipids, mainly triacylglycerides (TAGs) and sterol esters, which are separated from the cytosol by a phospholipid monolayer and coated by a distinct network of proteins [25] . Under lypolytic conditions, TAGs are hydrolyzed by the activity of various lipases and the generated fatty acids are employed for energy metabolism or modified to appropriate lipids within the ER [26] . Importantly, recent studies, employing yeast or human cell lines, have demonstrated that specific LD-associated lipases, including PNPLA2/ATGL and PNPLA5, modulate autophagy and that LD-derived lipids support the efficient formation of autophagosomes [14] [15] [16] 27 ].
The RAB GTPase RAB18 has functionally been associated with LD metabolism [28] and is a positive modulator of autophagy [29] . RAB18 localizes to LDs in adipocytes, fibroblasts, epithelial cells, and several clonal cell lines. This association has been connected to a function in LD homeostasis and the release of stored fatty acids [28, 30, 31] . The interaction of RAB18 with ER-linked tethering factors mediates the connection of LDs with the ER membrane and facilitates LD homeostasis [32, 33] . In a human mammary carcinoma cell line, however, a RAB18 function in LD biogenesis or turnover has not been observed [34] . Importantly, loss-offunction mutations in RAB18 cause Warburg Micro syndrome (WARBM) [35, 36] , a severe human autosomal recessive (neuro-)developmental disorder. The molecular mechanisms responsible for the pathology remain unclear, yet, WARBM patient cells are characterized by an altered appearance of LDs [37] .
In this study, we examined the impact of the stable RAB18 knockout on LD metabolism and autophagy in HeLa cells. The permanent loss of the RAB GTPase provoked a LD phenotype that strongly resembled WARBM patient cells. In depth analysis revealed, that LDs were enlarged in size and reduced in number and the release of fatty acids was impaired in the absence of RAB18. We observed that insufficient LD-derived lipid availability influenced autophagy, resulting in adaptive adjustments of the autophagy network, which included an increased expression and altered phosphorylation of ATG2B and the enhanced generation of ATG12-ATG5 conjugates. Most strikingly, the phosphorylation of ATG9A at amino acid residues Y8 and S14, which direct the protein to the autophagic pathway, were enhanced in RAB18 KO cells. This modification rescued autophagy under basal autophagy conditions. Thus, this study strengthens the function of RAB18 in LD metabolism and further demonstrates the importance of LD-derived lipids for autophagy. Moreover, we characterize an ATG9A phosphorylation-dependent rescue mechanism as a potent adaptive response to maintain basal autophagic activity under conditions of deficient LD-derived lipid availability.
Results and Discussion
In previous studies, using transient genetic manipulations, we have characterized RAB18 as a positive modulator of autophagy [29] ; reduced protein levels of the RAB GTPase decreased autophagic activity while increased levels enhanced the degradative pathway. To conduct a more detailed analysis of RAB18 function in autophagy, we generated stable RAB18 KO HeLa cells, employing the CRISPR/CAS9 technology, and selected two independent clonal cell lines ( Fig. S1 ).
Initially, we focused on LDs since RAB18 has functionally been linked to their metabolism and an altered LD phenotype has been described for WARBM patient cells [30, 37] . Fluorescence imaging of LDs revealed a striking LD appearance in the absence of RAB18 ( Fig. 1A ), similar to WARBM patient cells [37] . LDs accumulated in the perinuclear region and their detailed analyses demonstrated that they were enlarged in size and reduced in number per cell, when compared to HeLa wild type (WT) cells ( Fig. 1B+C ). This finding was confirmed by transmission electron microscopy showing fewer but enlarged LDs, which are mostly localized close to the nucleus ( Fig. 1D ).
Importantly, we observed an identical LD phenotype in CRISPR/CAS9-mediated stable RAB3GAP1 KO cells ( Fig. 1A ). RAB3GAP1 acts as an upstream regulator of RAB18 activity [29, 33, 38] and loss-of-function mutations in RAB3GAP1 have likewise been associated with WARBM [39] . Thus, we detected an altered LD appearance in cell lines with a KO in different -but functionally associated -genes, which emphasizes the relevance of RAB18 and RAB3GAP1 for LD homeostasis.
Presuming that the LD phenotype in KO cells originates from an altered LD metabolism, we investigated the consumption of the lipid stores under nutrient-deprived conditions. Nutrient deprivation results in the rapid hydrolysis of TAGs and the use of released fatty acids for mitochondrial energy metabolism [40] . Indeed, starvation triggered a time-dependent reduction in LD numbers in WT cells, while this process was repressed in RAB18 KO cells (Fig.   1E ). The number of LDs per cell showed only a marginal decline during the starvation period.
Hence, the absence of RAB18 interfered with the turnover of LDs.
In order to directly investigate the mobilization of fatty acids from LDs upon starvation, we monitored their release, employing the dye-conjugated fatty acid BODIPY 558/568 C₁₂ and life cell imaging ( Fig. 1F ). As expected, in WT cells, BODIPY 558/568 C₁₂ efficiently migrated out of LDs under nutrient-deprived conditions; the LD-located fluorescence signal decreased and the area of single LDs progressively shrunk during the starvation period. In contrast, the dyeconjugated fatty acid was mainly immobile in RAB18 KO cells and remained within LDs during the starvation period, confirming that fatty acid mobilization in RAB18 KO cells is indeed disturbed and is responsible for the LD phenotype.
We further examined the role of RAB18 in the formation of LDs and monitored their numbers after the supplementation with oleic acid. Fatty acid treatment results in the rapid buildup of LDs and, noteworthy, we observed no differences comparing RAB18 KO and WT cells ( Fig. S2 ).
This indicates that the induced generation of LDs was not affected by the stable loss of RAB18.
Another key component of LD metabolism is the lipase PNPLA2/ATGL, which is responsible for the hydrolysis of TAGs [41, 42] . Under lypolytic conditions, the enzyme localizes to LDs via its membrane-embedded target sequence and mediates the rapid release of fatty acids [41] . Excitingly, the TAG lipase has also been characterized as a modulator of autophagy [27] . We analyzed the localization of PNPLA2/ATGL at LDs in RAB18 KO and WT cells, employing immunocytochemistry ( Fig. 1G ). Interestingly, the lipase accumulated at LDs in RAB18 KO cells, demonstrating that the loss of RAB18 did not modulate its transfer to the surface of the lipid stores. However, the enhanced LD-localization was not associated with an efficient fatty acid release, emphasizing that LD turnover is impaired in the absence of RAB18.
In summary, so far we found that the loss of RAB18 function caused a defect in the consumption of LDs, producing the prominent LD phenotype; a clear indication that cellular lipid metabolism and, in particular, LD-derived lipid availability is disturbed in the absence of the RAB GTPase.
Next, we analyzed the influence of the observed alterations in LD metabolism on autophagy, considering that the degradative pathway is strongly dependent on an adequate lipid supply.
Intriguingly, immunoblot analyses of autophagic activity in stable RAB18 KO cells showed that the loss of RAB18 did not affect basal autophagy ( Fig. 2A ). Flux analyses of the lipidated form of LC3, LC3II, showed no differences comparing the cell lines under basal, uninduced, autophagy conditions. This result was supported by fluorescence microscopic investigations that examined the total number of LC3-and SQSTM1-positive autophagosomes (Fig. 2B ). The amount of autophagosomal structures was comparable in RAB18 KO and WT cells under basal conditions.
Subsequent starvation experiments induced autophagy in WT cells, however, excitingly, had no effect on autophagic activity in RAB18 KO cells: the cells did not respond to nutrient deprivation with the usually observed increased autophagic flux ( Fig. 2A+B ). Importantly, we confirmed this particular finding in RAB3GAP1 KO cells ( The prominent defect in RAB18 KO cells is the reduced fatty acid transfer from LDs, which results in an insufficient lipid supply to support autophagosome formation. Several publications have emphasized the link between LD-derived lipids and autophagy [14] [15] [16] . A recent study has reported that the increased accessibility of fatty acids from LDs enhances autophagic capacity by facilitating autophagosome formation and, importantly, that this process is dependent on LD-located lipases [14] . To analyze the significance of LD-derived lipids for autophagy in our system, we investigated autophagic activity after pre-treatment with oleic acid. The resulting enhanced availability of LD-derived lipids stimulated autophagy in WT cells and facilitated the flux of LC3II (Fig. 2C ), confirming the previous study [14] .
Strikingly, these conditions did not affect autophagic capacity in RAB18 KO cells. The pre-treatment with oleic acid did not result in an increased autophagic activity. This data strongly indicates that the transfer of fatty acids from LDs to the autophagic pathway is disturbed in the absence of RAB18 and further emphasizes the importance of LD-derived lipids for autophagy.
Considering that basal autophagy was not affected by the loss of RAB18, the results obtained so far pointed towards an adaptation of the autophagy network to conditions of reduced LDderived lipid availability. In order to analyze potential adaptive adjustments, we investigated the status of the canonical autophagy induction pathway and analyzed phosphorylation of MTOR and ULK1 ( Fig. 3 ). MTOR phosphorylation at amino acid residue S2448 regulates the kinase [44] . Indeed, we observed that S2448 phosphorylation levels were decreased under autophagy-induced conditions and, interestingly, we found no difference in total levels of this specific MTOR modification comparing RAB18 KO and WT cells ( Fig. 3A, Fig. S4 ). The kinase ULK1 is phosphorylated at multiple sites to regulate its activity, therefore, we examined the MTOR-mediated, inactivating, phosphorylation at S758 as well as the PRKAA1-mediated, activating, phosphorylation at S555 [45, 46] . Interestingly, total levels of both posttranslational modifications were comparable in both cell lines, which emphasizes that ULK1 activity is not altered by the loss of RAB18 (Fig. 3A, Fig. S4 ). Additionally, we conducted a SILACbased quantitative phosphoproteomics approach that did not identify alterations in MTOR and ULK1 phosphorylation at these residues (data not shown). These findings indicate, that possible adjustments of the autophagy network, which functionally compensate the loss of RAB18, are not related to alterations in the activity of the canonical autophagy induction system.
Moreover, we investigated expression levels of key autophagy proteins, employing a qPCR array and found that mRNA levels of a discrete number of autophagy factors were upregulated in RAB18 KO cells ( Fig. 3B ; Table S1 ). Remarkably, all these proteins can be allocated to early steps of the autophagy pathway, suggesting that the network responded to the stable protein loss with adaptations that facilitate autophagosome formation. Here, the increased expression of ATG2B is of particular interest. Mammalian cells possess two functionally redundant ATG2 proteins, ATG2A and ATG2B, which are suggested to regulate phagophore growth and support the closure of autophagosomes [47, 48] . Noteworthy, ATG2A/B have been described to localize to phagophores as well as LDs and their knockdown also results in the accumulation of enlarged LDs [47, 49] , indicating that ATG2 proteins might be involved in linking LD metabolism and autophagy. Thus, we presume that the up-regulation of ATG2B is a direct adaptation to a disturbed LD-derived lipid transfer. Furthermore, the quantitative phosphoproteomics approach detected several phosphorylation sites of ATG2B and revealed that solely phosphorylation of the amino acid residue S493 was considerably enhanced in the absence of RAB18 (Fig. 3C ). This phosphorylation site has not been functionally characterized yet, but the increased ATG2B expression in conjunction with the altered phosphorylation suggests that ATG2B function is relevant for the adaptive response of the autophagy network. Within the autophagy system, ATG9A is well-acknowledged to function in the transfer of vesicles from the cellular periphery to the site of autophagosome formation to supply required membranes [17, 20, 22] . Notably, mRNA and protein levels of ATG9A were not altered in RAB18 KO compared to WT cells ( Fig. 4B, Fig. S5 ). However, it has recently been shown that the autophagic activity of ATG9A is actually regulated by phosphorylation at amino acid residues S14 and Y8 [23, 24] . In consequence, we analyzed the ULK1-mediated phosphorylation of ATG9A at S14, employing the quantitative phosphoproteomics approach.
Indeed, the level of this particular phosphorylation of ATG9A was slightly but reproducibly enhanced in RAB18 KO cells ( Fig. 4A ). Thus, even though we did not find any clear indication of an altered ULK1 activity (Fig. 3A) , the ULK1-mediated phosphorylation of ATG9A was enhanced in the absence of RAB18.
Since the quantitative phosphoproteomics approach solely detected the serine residues on ATG9A, we investigated phosphorylation of the Y8 residue of ATG9A (referred to as p-Y8 ATG9A) by immunoblotting. Consistent with a recent study [24], we found that p-Y8 ATG9A levels were increased upon autophagy induction in WT cells (Fig. 4B+C ). This correlated with the expected enhanced autophagic activity. The use of a specific SRC kinase inhibitor (SU6656) efficiently prevented Y8-phosphorylation and impeded the enhanced autophagic activity. This confirms the functional link between this particular SRC kinase-dependent phosphorylation of ATG9A and autophagic activity. Most strikingly, p-Y8 ATG9A levels were already enhanced under basal conditions in RAB18 KO cells, which, importantly, did not correspond to an increased autophagic activity in this case ( Fig. 4 B+C) . Remarkably, the inhibition of Y8phosphorylation significantly decreased basal autophagic activity in RAB18 KO cells. This strongly argues that increased p-Y8 ATG9A levels are indeed causative for the maintenance of basal autophagy in the absence of RAB18.
ATG9A is prominently located at the Golgi complex and changes its cellular localization to a dispersed vesicular distribution upon autophagy induction [18, 20, 21] . This leads to enhanced vesicle trafficking to the site of autophagosome formation and is directly linked to increased numbers of perinuclear ATG16L1-positive pre-autophagosomal structures [21, 22] . Employing confocal fluorescence microscopy, we analyzed the localization of ATG9A in RAB18 KO and WT cells under basal and induced autophagy conditions (Fig. 4D ). As expected, the majority of ATG9A was located at the Golgi complex in WT cells, but changed its localization to a dispersed vesicular distribution upon starvation-mediated autophagy induction. This altered localization of ATG9A was indeed accompanied by increased numbers of ATG16L1 punctae, which were mostly ATG9A positive. Importantly, RAB18 KO cells showed the same dispersed vesicular distribution of ATG9A, which was also associated with enhanced numbers of ATG16L1-positive structures, already under basal autophagy conditions. In accordance with this observation, transmission electron microscopy revealed an increased number of perinuclear preautophagosomal structures, such as omegasomes and phagophores ( Fig. 4E ), which are not seen in WT cells.
Summing up, the analyses of ATG9A phosphorylation and localization clearly illustrate that the autophagic activity of ATG9A is enhanced in the absence of RAB18, which is an essential alteration to maintain basal autophagy under conditions of deficient LD-derived lipid availability.
Since RAB18 KO cells are characterized by basal autophagy network adaptations that resemble induced autophagy conditions and, in addition, we found that expression levels of ATG12 and ATG5 were increased ( Fig. 3B ), we consequently also analyzed the ATG12-ATG5 conjugate formation. Both proteins are covalently linked by an ubiquitin-like conjugation process [10, 50] , which is a pre-requisite for the formation of the ATG12-ATG5/ATG16L1 complex that is essential for the lipidation of Atg8 family members [10] . Employing immunoblotting, we observed that total ATG12-ATG5 conjugate levels were increased in RAB18 KO cells under basal autophagy conditions and resembled ATG12-ATG5 levels of WT cells after induction ( Fig.   4F ). Thus, the increased trafficking of ATG9A to the site of autophagosome formation is associated with an enhanced (autophagy induction-like) generation of ATG12-ATG5 conjugates in RAB18 KO cells already under basal autophagy conditions. We additionally observed that the formation of the ATG12-ATG5 conjugate is dependent on SRC kinase activity, since the treatment with the SRC kinase inhibitor potently reduced total conjugate levels ( Fig. 4F ). It is tempting to speculate, that ATG12-ATG5 conjugate levels are indeed directly dependent on ATG9A activity.
The loss of RAB18 and the associated insufficient lipid supply for autophagosome formation result in adaptive adjustments of the autophagy network, which resemble alterations that are typically observed in WT cells upon autophagy induction. These adaptations are sufficient to maintain basal autophagy, but incapable of enabling a further increase in autophagic activity upon nutrient deprivation. We conclude that the SRC kinase-dependent phosphorylation of ATG9A at Y8 is the critical rescue mechanism to maintain basal autophagy under conditions of deficient LD-derived lipid availability (Fig. 5 ). In summary, this emphasizes the importance of LD-derived lipids for autophagy and further illustrates a detailed molecular function of RAB18, which connects LD metabolism and autophagy. Furthermore, these findings may reflect on a potential pathogenetic process for the development of WARBM.
Material and Methods

Cell culture
HeLa cells were cultured in DMEM, supplemented with 10 % fetal bovine serum, 1 mM sodium pyruvate, and 1 x antibiotic-antimycotic solution at 37 °C in a 5 % CO 2 -humidified atmosphere.
Stock solutions of Bafilomycin A 1 (Biozol, TRC-B110000) and Rapamycin (Enzo, BML-A275-0025) were prepared in DMSO and employed as described before [43] . Stock solutions of SU6656 SRC Inhibitor (Selleck Chemicals, S7774) were prepared in DMSO and cells were treated with 10 µM for 12 h. Expression plasmid encoding mCherry-ATG9A was kindly provided by Ivan Dikic (Frankfurt, Germany). Cells were transfected with 10 µg of plasmid. All transfections were carried out by electroporation as described previously [43] .
CRISPR/CAS9 nuclease RNA-guide target deletions
Gene specific CRISPR/CAS9 vectors targeting RAB18 and RAB3GAP1 were obtained from Sigma 
Lipid droplet analysis
For LD analyses, control and EBSS treated cells were stained with Tubulin, DAPI and BODIPY 493/503 as described above. Cells were imaged via the Opera Phenix High-Content Screening System (Perkin-Elmer). 2650 or 1350 single cells per cell line or treatment were used for statistical analyses. Single cells and cell volume were defined via DAPI and tubulin staining, respectively. Thereafter, LD number and size were quantified by BODIPY 493/503 fluorescence, employing Harmony High Content Imaging and Analysis software (Perkin-Elmer).
Autophagic activity analysis
Autophagic activity was analyzed in accordance with [51] . Cells were treated with Bafilomycin A 1 for 2 -4 h or DMSO for control and the fluxes of autophagic substrates were calculated by the subtraction of accumulated levels upon Bafilomycin A 1 treatment and DMSO control.
Quantitative real-time PCR
RNA extraction, reverse transcription and quantitative real time PCR were performed as described previously [43] . Primer sequences for the autophagy array are listed in Supplemental Table S1 . 
Electron microscopy
Quantitative phosphoproteome analysis
Quantitative phosphoproteome analysis was performed as described previously [52] . Briefly, cells were cultured in SILAC media containing either L-arginine and L-lysine, L-arginine [ 13 
